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Abstract 
Compressive tests of [0]12 and [90]12 unidirectional laminates and [45/0/-45/90] 2S quasi-isotropic laminates are accomplished 
in both room-temperature and dry (RTD) and hygrothermal environment. And simulation studies on the compressive strength of 
Z-pinned laminates of [0]12 and [45/0/-45/90] 2S are conducted by using finite element analysis (FEA). A microstructural unit 
cell for FEA is created to simulate a representative laminates unit with one pin. Within the unit cell, the first directions of the 
elements’ material coordinate systems are changed to simulate the fibres’ deflecting around the pin. The hygrothermal effect is 
simulated by the material properties’ adjustments which are determined by the compressive tests of non-pined laminates. The 
experimental results indicate that the percentage of reduction in the compressive modulus of Z-pinned laminates caused by Z-pin 
becomes smaller with the percentage of 0° fibres decreasing in the laminates; the compressive strength of quasi-isotropic lami-
nates reduces and the percentage of the reduction in the compressive strength declines with Z-pin volume content increasing, and 
the moisture absorption ratio of the Z-pinned specimens is greater than that of the non-pinned specimens, because the cracks 
around Z-pin increase the moisture absorption. In addition, the simulations show that the deflection of fibres around Z-pin is the 
main factor for the reduction in the compressive strength of Z-pinned unidirectional laminates, the dilution of fibre volume con-
tent caused by resin-rich pocket is the principal factor for the decline in the compressive strength of Z-pinned quasi-istropic 
laminates, and the compressive strength of Z-pinned specimens in hygrothermal environment reduces as the result of superimpo-
sition of some factors, including the changes in material properties caused by hygrothermal environment, the deflection of fibres 
and the resin-rich pocket caused by Z-pin. 
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1. Introduction* 
Composite laminates have excellent in-plane prop-
erties, but their delamination toughness is weak [1]. So 
laminates are prone to delaminate by the impact of low 
energy, which may arouse buckling due to low load. 
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This problem limits the applications of laminates in the 
specific environment, for example, impact of high 
frequency or through-thickness tensile load. Some 
techniques can be used to solve the problem by in-
creasing the laminates’ delamination toughness and 
resistance of impact-damnification, including Z-pinn- 
ing, stitching and 3D weaving [2-4]. Z-pinning has some 
advantages, for example, the influence of Z-pin on 
in-plane properties is small, its manufacture is con-
venient, its cost is low, materials of Z-pin such as 
SIC/BMI, T650/BMI, T300/Epoxy, T300/BMI, P100/ 
epoxy, S-Glass/epoxy, titanium, stainless steel and 
aluminium are more extensive [5-6], and the delamina-Open access under CC BY-NC-ND license.
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tion toughness of Z-pinned laminates can be improved 
significantly. The current applications of Z-pins are in 
F/A-18E/F Superhornet, HOPE-X and Formula 1 rac-
ing cars [7-8]. In addition, some new aircraft of aviga-
tion and astrogation are going to apply Z-pins in rein-
forcing joint, hole and interlaminar performance. 
Z-pins provide through-thickness reinforcement for 
composite laminates through a combination of friction 
and adhesion between Z-pins and matrix [9-11]. Z-pins 
can improve the failure strength of composite 
joints [12-15]. However, Z-pinned composite laminates 
structures have lower in-plane properties than those of  
non-pinned. So, it is necessary that the quantitative and 
qualitative analysis on the in-plane properties of com-
posite laminates should be executed for the design and 
safety of Z-pinned laminates structures. Mouritz [16] 
researched the in-plane compressive properties and the 
failure mechanisms of polymer laminates. His studies 
indicate that the in-plane compressive properties of 
laminates decline with increasing Z-pin volume con-
tent and Z-pin diameter. O’Brien [17] reported the in-
fluence of compression and shear on the strength of 
Z-pinned composite laminates. His studies show that 
the initial fibre waviness of composite laminates is 
mostly due to the insertion of Z-pins, and that the de-
crease in the in-plane compressive properties of 
Z-pinned laminates is mostly owing to the fibre wavi-
ness and the resin-rich pockets. Huang, et al. [18] found 
that kink bands were conspicuous in the failed com-
pressive specimens of Z-pinned woven glass fibre tex-
tile laminates. Chang, et al. [19] investigated the tensile 
properties and the tensile fatigue life of Z-pinned car-
bon/epoxy laminates. Their studies indicate that the 
decline in the in-plane tensile properties of composite 
laminates is caused by the in-plane fibre deflection, the 
mild dilution of fibre volume fraction due to the 
resin-rich pocket, the out-of-plane fibre crimping and 
the fibre breaking. Mouritz, et al. [19-20] researched the 
tensile fatigue properties of Z-pined composites.  
Although so many researches have been done pre-
viously, the effect of environment on the in-plane 
compressive properties of Z-pinned laminates has not 
yet been reported. This paper presents experimental 
studies on the compressive properties of Z-pinned 
composite laminates in both room-temperature and dry 
(RTD) and hygrothermal environment, as well as 
simulation studies on the compressive strength of 
Z-pinned composite laminates in RTD and hygrother-
mal environment. 
2. Material and Experiments 
2.1. Material and specimens 
Z-pin is made of T300 carbon fibres that adheres to 
FW-77 epoxy before curing, and Z-pin diameter is 0.3 
mm. Composite laminates specimens are made from 
unidirectional carbon/epoxy prepreg tape: U3160/5224, 
and the thickness of lamina is 0.167 mm. The experi-
ment standard is American Society for Testing and 
Materials (ASTM): D 3410/D 3410M-03. Sizes of 
specimens are shown in Table 1, in which W denotes 
specimen width, G gage length, T tab length, O overall 
length, tt tab thickness and tl laminates thickness. The 
specimens were tested in two kinds of environments: 
RTD environment and hygrothermal environment (the 
specimens were soaked in 75 °C water for 7 days and 
the experiments were performed in 75 °C). 
Table 1  Sizes of specimens 
Lay-up 
pattern 
W/
mm
G/ 
mm
T/ 
mm 
O/ 
mm 
tt / 
mm
tl / 
mm 
P1: [0]12 25 25 65 155 1.5 2.004
P2: [90]12 25 25 65 155 1.5 2.004
P3: [45/0/-45/90]2S 25 25 65 155 1.5 2.672
Programming of Z-pin for the specimens is dis-
played in Table 2, in which S represents Z-pin spacing; 
ρ Z-pin volume content, D Z-pin diameter, A Z-pin 
angle. Z-pin volume content can be converted to Z-pin 
spacing with Eq. (1). 
2 sin
DS
Aρ
π=              (1) 
Table 2  Programming of Z-pin for specimens 
Z-pin No. of
experi
ments
Lay-up
pattern S/mm ρ/% D/mm A/(º) 
Environ-
ment 
1 P1  0     RTD H
2 P1 4 0.44 0.3 90 RTD H
3 P2  0   RTD H
4 P2 4 0.44 0.3 90 RTD H
5 P3  0   RTD H
6 P3 4 0.44 0.3 90 RTD H
7 P3 2.2 1.5 0.3 90 RTD H
8 P3 1.5 3.1 0.3 90 RTD H
Note: H represent hygroghermal. 
2.2. Results and discussion 
Figure 1 shows the comparison between the com-
pressive moduli of non-pinned and Z-pinned laminates 
specimens. It demonstrates, as well, that laminates 
lay-up patterns have an effect on compressive modulus. 
Z-pinned laminates specimens have the same pro-
gramming of Z-pin (Z-pin volume content is 0.44%,  
Z-pin diameter is 0.3 mm, and Z-pin angle is 90°). The 
reduction in the compressive modulus caused by Z-pin 
results from the in-plane fibre deflection, the dilution 
of fibre volume fraction, and so on. The percentage of 
reduction in the compressive modulus declines with 
the percentage of 0° fibres in the laminates decreasing. 
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Fig. 1 Compressive moduli of non-pinned and Z-pinned  
specimens. 
Figure 2 displays the comparison between the com-
pressive strength of specimens in RTD and hygroth- 
ermal environment. The specimens have the same pro-
gramming of Z-pin (Z-pin volume content is 0.44%,  
Z-pin diameter is 0.3 mm, and Z-pin angle is 90°). 
[0]12 specimens and [45/0/-45/90]2S specimens have 
almost the same percentage of reduction in compres-
sive strength caused by hygrothermal environment. 
The effect of hygrothermal environment on the 
strength of [90]12 specimens is smaller than that on the 
strength of [0]12 specimens and [45/0/-45/90]2S speci-
mens. The decline in compressive strength caused by 
Z-pin is due to the in-plane fibre deflection, the dilu-
tion of fibre volume fraction, and so on. The reduction 
in compressive strength caused by hygrothermal envi-
ronment is owing to the changes in the material prop-
erties of lamina. 
 
Fig. 2 Compressive strength of specimens in RTD and hyg- 
rothermal environment. 
Figure 3 reveals the moisture absorption ratio of 
Z-pinned and non-pinned laminates specimens. The 
moisture absorption ratio equals added weight that is 
generated by specimens soaked in 75°C water for 7 
days divided by the weight of specimens. The moisture 
absorption ratio of the [0]12 specimens is slightly great-
er than that of the [45/0/-45/90]2S specimens, and the 
moisture absorption ratio of the [90]12 specimens is the  
greatest. The moisture absorption ratio of the Z-pinned 
specimens is greater than that of non-pinned speci- 
mens due to the cracks around Z-pin, because the 
moisture enters the cracks, which increases the contact 
area between the resin and the moisture. Sweeting, et 
al. [21] found that the cracks around Z-pin came into 
being because of the mismatch of the thermal expans- 
ion between Z-pin and the resin, which induced large 
residual stresses during the cure in the autoclave, and 
the cracks are shown in Fig. 4. Some properties of 
laminates become lower with the moisture absorption 
ratio increasing. So, some measures should be taken to 
reduce the moisture absorption ratio of Z-pinned 
laminates. Here are two suggestions (see Fig. 5), one is 
that one ply is laid on Z-pinned laminates before pre-
preg is cured, and the Z-pin length can be controlled 
by the foam containing Z-pin. The other is that two 
plies are laid on Z-pinned laminates. The two methods 
may prevent the moisture from entering the cracks and 
reduce the contact area between the resin and the 
moisture. 
 
Fig. 3 Moisture absorption ratio of Z-pinned and non-pinned 
specimens. 
 
Fig. 4  Resin cracks around Z-pin. 
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Fig. 5 The two suggestions for reducing the moisture ab-
sorption ratio of Z-pinned laminates. 
Figure 6 presents the effect of Z-pin volume content 
on the compressive strength of quasi-isotropic lami-
nates specimens in RTD and hygrothermal environ-
ment. Z-pin volume contents of specimens are 0%, 
0.44%, 1.5% and 3.1%. The compressive strength de-
clines by 17.9% (19.2%—in the case of hygrothermal 
environment) with Z-pin volume content increasing 
from 0% to 0.44%. The compressive strength reduces 
by 13.6% (14.7% —in the case of hygrothermal envi-
ronment) with Z-pin volume content enhancing from 
0.44% to 1.5%. The compressive strength decreases by 
5.4% (6.5% —in the case of hygrothermal environ-
ment) with Z-pin volume content increasing from 
1.5% to 3.1%. Both of the compressive strength of 
quasi-isotropic laminates and the percentage of reduc-
tion in the compressive strength decline with Z-pin 
volume content increasing. 
 
Fig. 6 Influence of Z-pin volume content on compressive 
strength of quasi-isotropic specimens. 
3. Simulation and Analysis 
Finite element model is developed for better re-
searching the influence of Z-pin on the in-plane prop-
erties of composite laminates and predicting the 
in-plane properties. O’Brien [17] established a unit cell 
to forecast the in-plane compressive properties of 
Z-pinned composite laminates. The edge length of the 
unit cell is equal to Z-pin spacing, and the hole of the 
unit cell is applied to simulating the resin-rich pocket. 
Chang, et al. [19] discovered that the length of the 
resin-rich pocket around a small pin for the unidirec-
tional laminates is approximately 2.0 mm, the width of 
the deflection fibre region around a small pin is ap-
proximately 0.8 mm; the length of the resin-rich 
pocket around a big pin for the unidirectional lami-
nates is approximately 2.8 mm, and the width of the 
deflection fibre region around a big pin is approxi-
mately 1.5 mm. 
3.1. Simulation for the specimens of unidirectional
    [0]12 
A microstructural unit cell for finite element analy-
sis (FEA) is developed to predict the compressive 
properties of Z-pinned laminates. The unit cell is ap-
plied to simulating the compressive tests of the [0]12 
specimens, and the length of the cell edge is 4 mm, 
which denotes that Z-pin volume content is 0.44%. 
The resin-rich pocket is simulated by the hole, of 
which the edges are two symmetrical circle arcs. The 
hole is 2.0 mm long [19], 0.3 mm wide (Z-pin diameter 
is 0.3 mm), the radius of circle arcs is 3.4 mm, and the 
width of the deflection fibres region around Z-pin is 
0.8 mm [19]. The unit cell is shown in Fig. 7. Length of 
the hole L, width of the hole Wh, and radius of the cir-
cle arcs R, are related by Eq. (2), and the area of the 
hole Ar can be calculated by Eq. (3). 
2 2
h
h
1
4
W LR
K W
+= =             (2) 
2
h
r h
π arcsin
2     4
90 2
LR WRA L R W L⎛ ⎞= − − < <⎜ ⎟⎝ ⎠   (3) 
where K is the curvature of the circle arcs, and repre-
sents the extent of the deflection of fibres around Z-pin. 
Equation (2) indicates that K becomes smaller when R 
gets bigger.  
 
Fig. 7  Unit cell of [0]12 specimens. 
Boundary conditions of the unit cell are: all free-
doms of the left nodes are restricted; five kinds of free-
doms of the right nodes are fixed except x-direction 
displacement; the right nodes are linked with Node 
1 000 by using RBE2 (Rigid Body Element, Form 2); 
-0.05 mm x-direction displacement is added to Node 
1 000. Within the unit cell, the first directions of the 
· 68 · LI Chenghu et al. / Chinese Journal of Aeronautics 25(2012) 64-70 No.1 
 
of the elements’ material coordinate systems are 
changed to simulate the fibres deflecting around Z-pin. 
The deflection of fibres is shown in Fig. 8. The hy-
grothermal effect is simulated by the material proper-
ties’ adjustments which are determined by the com-
pressive tests of non-pined laminates in RTD and hy-
grothermal environment. The compressive modulus of 
lamina in hygrothermal environment increases by 
6.9% compared with that in RTD environment, and the 
compressive strength and Poisson’s ratio of lamina in 
hygrothermal environment decrease by 12% and 
11.8% compared with those in RTD environment. 
 
Fig. 8 The first directions of the elements’ material coor-
dinate systems around the hole. 
The maximum stress criteria and progressive failure 
analysis are applied in simulation, and bilinear thick- 
shell element is made use of in the unit cell. Figure 9 
shows the experimental and simulation compressive 
strength of the [0]12 spcimens in RTD and hygrother-
mal environment. The compressive strength of non-  
pinned specimens in hygrothermal environment de-
creases by 12% compared with the strength in RTD 
environment, and the compression strength of Z-pin- 
ned spcimens in hygrothermal environment reduces by 
22.4% compared to that of non-pinned specimens in 
RTD environment. The simulation compression strength 
of Z-pinned specimens in RTD environment is 798.5 
MPa, which declines by 1.48% compared with the 
experimental compressive strength, and the simulation 
compressive strength of Z-pinned specimens in hy-
grothermal environment is 708.6 MPa, which increases  
 
Fig. 9  Experimental and simulation compression strength 
of [0]12 specimens in RTD and hygrothermal envi-
ronment. 
1.49% compared to the experimental compressive 
strength. The method that the hygrothermal effect was 
simulated by adjusting the material properties of lam-
ina has satisfactory results. So, it can be concluded that 
the compressive strength of Z-pinned specimens in 
hygrothermal environment reduces as the result of 
superimposition of some factors, including the changes 
in material properties caused by hygrothermal envi-
ronment, the deflection of fibres and the resin-rich 
pocket caused by Z-pin. 
Through changing the length of hole, the compres-
sive strength curves could be obtained, and these 
curves are displayed in Fig. 10. The compressive 
strength becomes greater with the hole length in-
creaseing within a certain range in RTD and hygro- 
thermal environment. The curvature of the circle arcs 
and the area of the hole change with the hole length 
increasing, which is shown in Fig. 11. The curvature of 
the circle arcs gets smaller while the hole length beco- 
mes greater, and the area of hole enlarges with the hole 
length increasing. Therefore, the compressive strength 
becomes greater while the curvature of the circle arcs 
gets smaller, and the compressive strength becomes 
lower when the area of the hole gets bigger within a 
certain range. So, the deflection of fibres around Z-pin 
is the main factor for the reduction in the compressive 
strength of Z-pinned unidirectional laminates. Mic- 
robuckling and stress concentration are incidental 
 
Fig. 10  Compressive strength vs hole length curves for  
unit cell of [0]12 specimens. 
 
Fig. 11  Curvature of circle arcs and the area of hole. 
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because of the deflection of fibres around Z-pin. The 
stress distribution of the unit cell is displayed in 
Fig. 12, and the region of the fibres deflection has ob-
vious stress concentration. 
 
Fig. 12 Equivalent von Mises stress distribution of unit 
cell. 
3.2. Simulation for the specimens of quasi-isotropic
[45/0/-45/90]2S 
The area of the resin-rich pocket around Z-pin of the 
quasi-isotropic laminates is smaller than that of the 
unidirectional laminates because the fibres of different 
directions can restrain the area of the resin-rich pocket. 
In the uint cell of the quasi-isotropic laminates, reduc-
ing the hole length is used for simulating the reduction 
in the area of the resin-rich pocket around Z-pin. The 
unit cell applied to simulate the compressive tests of 
the [45/0/-45/90]2S specimens is similar to that of the 
[0]12 specimens. The length of the cell edge is 4 mm, 
which denotes that Z-pin volume content equals 0.44%. 
The hole length is 1.6 mm, the hole width is 0.3 mm, 
and the radius of the circle arcs is 2.2 mm. The 
hygrothermal effect is simulated by adjusting the 
material properties of lamina. The maximum stress 
criteria and progressive failure analysis are applied in 
simulating, and bilinear thick-shell element is made 
use of in the unit cell. The simulation compressive 
strength of Z-pinned specimens in RTD environment is 
425.4 MPa, which declines by 7.60% compared with 
the experimental compressive strength, and the 
simulation compressive strength of Z-pinned specimen 
in hygrothermal environment is 375.0 MPa, which 
reduces 5.47% compared to the experimental compres- 
sion strength. 
By varying the hole length, the compressive strength 
curves could be acquired, which are shown in Fig. 13. 
The compressive strength becomes lower with the hole 
length increasing in RTD and hygrothermal environ-
ment. The curvature of the circle arcs and the area of 
the hole change with the hole length increasing, which 
have the same trend as shown in Fig. 11. It can be con-
cluded that the area of the hole is more decisive than 
the curvature of the circle arcs in the compressive 
strength. So, the dilution of fibre volume content 
caused by the resin-rich pocket is a principal factor for 
the decline in the compressive strength of Z-pinned 
quasi-istropic laminates. 
 
Fig. 13  Compressive strength vs hole length curves for unit 
cell of the [45/0/-45/90]2S specimens. 
4. Conclusions 
The experimental studies demonstrate that the per-
centage of reduction in the compressive modulus of 
Z-pinned laminates caused by Z-pin becomes smaller 
with the percentage of 0° fibres in the laminates de-
creasing, that the [0]12 specimens and the [45/0/-45/ 
90]2S specimens reduce almost by the same percentage 
in the compressive strength caused by hygrothermal 
environment. It shows as well, that the moisture absorp-
tion ratio of Z-pinned specimens is greater than that of 
non-pinned specimens. The reduction in the compres-
sive strength of laminates caused by hygrothermal envi-
ronment is owing to the changes in the material proper-
ties of lamina. And the compressive strength of the 
quasi-isotropic laminates reduces and the percentage of 
reduction in the compressive strength declines with 
Z-pin volume content increasing. 
The simulation studies indicate that the compressive 
strength of Z-pinned specimens in hygrothermal envi-
ronment reduces as the result of superimposition of 
some factors, including the changes in material proper-
ties caused by hygrothermal environment, the deflec-
tion of fibres and the resin-rich pocket caused by Z-pin. 
It shows as well, that the deflection of fibres around 
Z-pin is the main factor for the reduction in the com-
pressive strength of Z-pinned unidirectional laminates. 
Microbuckling and stress concentration are incidental 
because of the deflection of fibres around Z-pin. How-
ever, the dilution of the fibre volume content caused 
by the resin-rich pocket is the principal factor for the 
decline in the compressive strength of Z-pinned quasi- 
istropic laminates. 
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